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ABSTRACT 
Carbon dioxide (CO2) is the most polluting greenhouse gas released into the 
atmosphere in large quantities causing global warming. Immobilization of amine 
groups containing compounds on a solid substrate is a straightforward approach for 
CO2 adsorption. The main aim of this study is to prepare new amine-containing 
adsorbents having nanofibrous structures for efficient capturing of CO2 from 
different environments.  The adsorbent preparation involved i) electrospinning of 
syndiotactic polypropylene (s-PP) solution, ii) radiation induced graft 
copolymerization of glycidyl methacrylate (GMA) onto the electrospun nanofibers, 
and iii) functionalization of poly-GMA grafted s-PP nanofibrous mats with different 
amines (ethanolamine, diethylamine and triethylamine). The effect of various 
electrospinning parameters such as voltage, needle tip to collector distance and flow 
rate on the morphological properties of the produced nanofibers was studied using 
the response surface method (RSM). The effects of grafting parameters such as 
absorbed dose, monomer concentration, time and temperature on the degree of 
grafting (DG) were also investigated. The Scanning electron microscopy (SEM), 
Fourier transform infra-red (FTIR), Differential scanning calorimetry (DSC), 
Thermogravimetric analysis (TGA) and Brunauer-Emmet-Teller (BET) techniques 
were used to determine morphological, chemical, thermal properties and stability, 
changes in the structure of the nanofibers after each modification step. Finally, the 
amine-bearing nanofibers were tested for CO2 adsorption in a fixed bed column 
under different operating parameters such as DG in adsorbent, amine type, initial 
CO2 concentration and temperature. The highest CO2 adsorption capacity of 2.87 
mmol CO2/g was achieved in an adsorbent having 300 % DG and functionalized with 
ethanolamine at 15 % initial CO2 concentration, atmospheric pressure and 30 °C. 
This study showed that new class of CO2 adsorbents can be successfully prepared by 
combining electrospinning with radiation induced grafting techniques followed by 
amine loading. 
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ABSTRAK 
Karbon dioksida (CO2) merupakan gas rumah hijau paling mencemar yang 
dilepaskan dalam kuantiti yang tinggi ke dalam atmosfera dan menyebabkan 
pemanasan global. Immobilisasi kumpulan amina pada substrat pepejal merupakan 
pendekatan mudah untuk menjerap CO2. Matlamat utama kajian ini ialah 
menyediakan penjerap amina baru yang mempunyai struktur gentian nano untuk 
menjerap CO2 dengan efisien dari pelbagai persekitaran. Penyediaan bahan penjerap 
melibatkan i) elektroputar larutan polipropilena sindiotaktik (s-PP), ii) 
pengkopolimeran cangkuk aruhan sinaran glisidil metakrilat (GMA) pada gentian 
nano elektroputar dan iii) pengfungsian poli-GMA cangkukan PP gentian nano 
dengan pelbagai amina (etanolamina, dietilamina dan trietilamina). Kesan daripada 
pelbagai parameter elektroputar seperti voltan, jarak antara hujung jarum dan drum 
pengumpulan dan kadar aliran ke atas sifat-sifat morfologi gentian nano yang 
dihasilkan dikaji menggunakan kaedah gerak balas permukaan (RSM). Kesan 
parameter cangkukan seperti dos terserap, kepekatan monomer, masa dan suhu ke 
atas kadar cangkukan (DG) juga disiasat. Teknik mikroskop pengimbasan electron 
(SEM), inframerah spektrometer transformasi Fourier (FT-IR), kalorimetri 
pengimbasan pembezaan (DSC), analisis termogravimetri (TGA) dan Brunauer–
Emmett–Teller (BET) telah digunakan untuk menentukan sifat morfologi, sifat kimia, 
sifat haba dan kestabilan, perubahan dalam struktur gentian nano selepas setiap 
langkah pengubahsuaian. Akhirnya, gentian nano mengandungi amina telah diuji 
untuk penjerapan CO2 menggunakan turus lapisan tetap di bawah parameter operasi 
yang berbeza seperti DG dalam penjerap, jenis amina, kepekatan asal CO2 dan suhu. 
Kapasiti jerapan tertinggi iaitu 2.87 mmol CO2/g dicapai pada penjerap yang 
mempunyai 300 % DG dan difungsikan dengan etanolamina pada 15 % kepekatan 
asal CO2, tekanan atmosfera dan 30 °C.  Kajian ini menunjukkan bahawa penjerap 
CO2 yang baru berjaya disediakan dengan menggabungkan elektroputar dan teknik 
cangkukan aruhan sinaran diikuti dengan pemuatan amina. 
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 CHAPTER 1 
INTRODUCTION 
1.1 Background 
Global warming is one of the most crucial problems faced by human being 
for the past 50 years. This phenomenon is caused mainly by emission of greenhouse 
gases to the atmosphere. Carbon dioxide (CO2), sulfur hexafluoride (SF6), methane 
(CH4), hydrofluorocarbons (HFCs), water vapor, nitrous oxide (N2O), and 
perfluorocarbons (PFCs) are the most critical greenhouse gases which accumulate in 
the atmosphere, preventing the heat from reflecting back to the space, i.e.  act like an 
“earth blanket” and result in an increase in the global temperature [1].  
A certain level of these gases is naturally available in the atmosphere to keep 
the earth surface warm and inhabitable. Before industrial age in mid-17th century, 
there was a delicate balance between these gases in the atmosphere and the gases 
absorbed by natural waters (oceans, seas, etc.). However, the emergence of industrial 
era and increased need of human being to energy lead to the emission of large 
amounts of carbon dioxide into the atmosphere, disturbing this balance and 
increasing earth temperature; nowadays this phenomenon is known as “global 
warming”. 
Greenhouse gases can stay in the atmosphere for about a century. In the latest 
U.S. climate action report (2014), global warming is mentioned as “no longer a 
distant threat”. According to this report, the average temperature of the United States 
2 
has increased by about 0.8˚C since 1895 from which more than 80% is for the time 
period after 1980. If serious actions are not taken to reduce the increasing trend of 
CO2 emission to the atmosphere, the average temperature of the earth is predicted to 
increase by 1.4-5.8˚C until 2100. This temperature increase, either at the lower or at 
the higher end, will cause tremendous climate changes resulting in water expansion 
and sea level rise due to glacier melting. Intense tornados, hurricanes, floods, 
droughts, acidic oceans and spread of tropical diseases to new areas are just some of 
the examples of the effect of this climate change on earth. A recent study shows that 
1˚C rise in global temperature results in two to seven folds increase in the number of 
the events in the scale of Katrina [2]. In 2012 only, there were 11 climate disasters in 
the United States with estimated damage of more than 11 billion USD [3]. 
CO2 is the most important greenhouse gas released into the atmosphere in 
large quantities. The effect of CO2 on the earth temperature was first suggested by 
Svante Arrhenius in his landmark paper published in 1896 [4]. In his theory, earth 
receives energy from sunlight and re-emits some part of this energy as IR irradiation 
into the space. Greenhouse gases such as CO2 accumulated in the atmosphere absorb 
this IR radiation and prevent it from re-emitting into the space and hence, help to 
increase the earth temperature. According to the U.S. climate action report 2014, 
carbon dioxide accounts for more than 80% of greenhouse gases (Figure 1.1) [3]. 
 
Figure 1.1 Greenhouse percentages based on teragram CO2 equivalent (CO2e) [3] 
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 Because of the growing concern on climate change driven by this man-made 
carbon emission, governments all over the world are looking at ways to reduce or 
stabilize their carbon footprint. United Kingdom has set a plan to reduce its carbon 
emission by 60 percent by 2050 and European Union has agreed to cut its emission 
by 20 percent until 2020. In 2009, the United States also committed to reduce its 
greenhouse gases emissions to the range of 17% below its level in 2005 by 2020 [3]. 
Burning of fossil fuels such as coal, natural gas and oil comprises 87% of all 
CO2 emissions by human being. Deforestation, i.e. clearing the forests and other land 
use changes are responsible for 9% of CO2 emission increase into the atmosphere. 
The remaining 4% is the result of industrial activities such as cement manufacturing 
[5]. Furthermore, production of electricity and heat represented 42% of global CO2 
emissions in 2013. Transportation, industry and residential use were placed in 
subsequent ranks with 23, 19 and 6% of global CO2 emissions, respectively. The 
remaining 10% was for services and other sectors such as agriculture  [6]. 
Generally, there are three methods for reducing CO2 emissions into the 
atmosphere: 1) more efficient uses of energy, 2) using alternative energy resources 
such as renewable energy sources e.g. solar energy and wind energy, and 3) using 
CO2 capture and sequestration (CCS) technologies. More efficient use of energy and 
using alternative energy resources are far from real-world applications. Therefore, 
CCS technologies currently are the most commonly used methods in large scales to 
diminish CO2 emission. 
Carbon sequestration which is defined as long-term storage of carbon dioxide 
or other forms of carbon to mitigate or delay global warming, is a useful technique of 
slowing down global warming without any necessary reduction in fossil fuels 
consumption. The first step in this process is capturing and separating carbon dioxide 
from waste gas. Four main methods have been developed for CO2 separation and 
capture including cryogenics, membrane diffusion, solution absorption and solid 
adsorption.  
Cryogenic distillation is widely used for the separation of other gases, but for 
CO2 capturing from flue gas, this method is costly and not practical. Separation of 
CO2 from a mixture of gases using membranes is very useful when the concentration 
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of CO2 is very high. In the case of capturing carbon dioxide from post-combustion 
flue gas, the content of CO2 is very dilute and this method is not very efficient. 
Liquid amine based process (also known as amine scrubbing) is the most commonly 
used method for commercial removal of CO2. This method involves using 
monoethanolamine, diethanolamine, or methyldiethanolamine solutions and can 
remove carbon dioxide effectively [7].  
Recently, there has been a great interest on solid adsorbents for CO2 
capturing. These materials can be categorized into physi-sorbents and chemi-
sorbents. In physi-sorbents including activated carbon and zeolites, CO2 is attached 
onto the surface of the adsorbent material through physical weak interactions. Even 
though the adsorption capacity of these materials is high and they can operate in near 
ambient temperatures, humidity which is usually available in CO2 adsorption 
environments has negative effect on their performance and furthermore, their 
adsorption capacity decreases with temperature increase [8, 9]. 
In chemi-sorbents, usually amine functional groups are immobilized on 
organic or hybrid solid substrates using physical or chemical interactions. 
Impregnation of amines on organic substrates such as zeolites results in the 
formation of the first group of amine-containing solid adsorbents. In these materials 
adsorption capacity is high, but amine functional groups are washed away after a few 
cycle of adsorption/desorption [10]. Another group of chemi-sorbents can be 
synthesized by covalent bonding of amine-containing molecules onto silica base 
material. Adsorption capacity of the synthesized adsorbent is usually high, but amine 
efficiency is low and adsorption kinetics is slow.  
1.2 Problem Statement 
CO2 is the most critical greenhouse gas released into the atmosphere in large 
quantities. This large amount of CO2 in the atmosphere increases the earth 
temperature and prompts to tremendous problems that affect the existence of the 
human being such as intense tornados, hurricanes, floods, droughts and acidic rains. 
The main part of the CO2 emission comes from combustion of fossil fuels which are 
5 
the main source of energy used to meet energy demands of humanity for now and the 
near future. Approximately 85% of human energy consumption comes from fossil 
fuels. It was estimated that more than 32 billion tons of CO2 was released into the air 
as a result of burning of fossil fuels in 2013 [6].  
Currently, liquid amine absorption is the main commercial method used for 
CO2 capturing. However, this process involves some challenges including high 
regeneration energy, large equipment size, solvent degradation, and equipment 
corrosion which limit its application in the future [11, 12].   
 Solid adsorption is an alternative technique attracting more attention 
recently. Among solid adsorbents, polymeric microfibers containing amine 
functional groups have shown some advantages over other adsorbents based on other 
kinds of substrates. Particularly, fibrous adsorbent have flexibility, low temperature 
function, humidity-aided adsorption mechanism and easy regeneration [13]. 
However, the adsorption capacity of these adsorbents is low because of incomplete 
access to amine functional groups. Furthermore, the work capacity of the adsorbent, 
pressure drop and production cost need to be improved. 
One of the possible approached to improve the work capacity and the 
efficiency of microfibrous adsorbents is to decrease the size of the fibers and use 
nano-scale fibers i.e. nanofibers. Single nanofibers are one-dimensional structures 
made from various organic (polymers) and inorganic materials. Polymeric nanofibers 
usually are formed as non-woven mats, forming 3-D structures. Like microfibrous 
non-woven mats, nanofibrous mats have porous interconnected architecture formed 
due to the overlapping single fibers. Recently there has been an increasing interest on 
these structures because of their fascinating properties. Although there are many 
ways for producing nanofibers, such as phase separation [14], and template synthesis 
[15], electrospinning is the most versatile and commonly used method.  
The nanofibrous mats or sheets have a 3-D porous structure and because of 
very small diameter of its fibers, the surface area is very high. Since adsorption 
occurs on the surface of materials, thus surface area is a very important factor in 
adsorption based technologies. On the other hand, because of the dominance of slip 
flow in nanofibrous structures, the pressure drop across filters made from nanofibers 
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is presumably lower than microfibrous counterparts. So, electrospun nanofibrous 
mats are very good candidate substrates for producing CO2 polymeric adsorbent 
which is the main aim of this project. Several studies have already been conducted on 
using functionalized micro- and nano- fibers for removing different pollutants from 
solutions such as heavy metal ions and dyes [16-19]. The results showed that these 
ionically functionalized fibers are very promising chelating materials for adsorption 
and separation applications. 
While nanofibers are very promising materials in different applications, they 
usually need to be modified via different techniques to impart functional or ionic 
groups and desired characteristics for a particular application. There are several 
methods for modifying polymeric nanofibers such as dip-coating, interfacial 
polymerization, and graft polymerization. Amongst these techniques, radiation 
induced graft polymerization (RIGP) or radiation induced grafting is very promising 
modification technique because of its potency to modify chemical and physical 
characteristics of polymers substrates in various physical forms (films, particles or 
fibers) without changing their inherent properties [20].  
Combining these two fascinating techniques (electrospinning and RIGP) 
could provide a versatile and convenient way for producing polymeric nanofibrous 
mats for removing CO2 from different environments. An intensive search in literature 
revealed that preparation of functionalized nanofibrous adsorbent for CO2 capturing 
has not been reported yet. 
1.3 Objectives of the Study 
The objective of this work is to develop a new nanofibrous amine bearing 
adsorbent for CO2 separation from different environments at ambient conditions 
using electrospinning of s-PP followed by radiation induced graft polymerization of 
an acrylate monomer followed by functionalization with aminating agents. 
The specific objective of the study is sub-divided into the following: 
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1. To prepare s-PP nanofibrous mats with controlled diameter by optimization 
of electrospinning parameters. 
2. To modify the obtained nanofibrous mats by radiation induced grafting of 
controlled amount of glycidyl methacrylate (GMA) under controlled 
parameters. 
3. To functionalize the obtained ploy(GMA) grafted nanofibrous mats with 
appropriate amine agents. 
4. To determine the properties of the obtained functional adsorbent using 
chemical and materials research aspects in correlation with the performed 
modification.  
5. To evaluate the performance of the adsorbent for CO2 capturing in a fixed 
column under different operating conditions. 
1.4 Scope of the Study 
The scope of the study involves 8 stages. Dissolving polymeric material (PP 
here) in an adequate solvent system to obtain a polymer solution suitable for 
electrospinning was the first step. Then, nanofibrous mats were produced with 
electrospinning using as prepared polymeric solution and the effect of different 
parameters including voltage (8-16 kV), flow rate (1-4 ml/h) and distance between 
needle tip and collector (10-20 cm) on fibers properties (diameter and morphology) 
was studied. 
Characterization of electrospun nanofibers was carried out using various 
techniques including scanning electron microscope (SEM), differential scanning 
calorimetry (DSC), thermogravimetric analysis (TGA), Fourier transform infrared 
spectroscopy (FTIR), and Brunauer–Emmett–Teller porosity analysis (BET). In the 
next stage, electrospun nanofibers were modified using radiation induced graft 
polymerization of GMA onto s-PP nanofibers in order to introduce functional groups 
to the polymeric backbone. This includes irradiation of the fibers with electron beam 
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and investigation of the effect of the grafting parameters including monomer 
concentration (2.5-20 vol%), absorbed dose (40-200 kGy), time (20-120 min) and 
temperature (40-70°C) on the degree of grafting. 
After grafting the obtained poly(GMA) grafted s-PP nanofibers also were 
characterized to identify their morphological (SEM), chemical (FTIR) and thermal 
(DSC and TGA) properties and evaluate their surface area and pore characteristics 
(BET). 
Functionalization of poly(GMA) grafted s-PP nanofibers using three 
aminating agents such as ethanolamine, diethylamine or triethylamine was the next 
step to introduce amine groups for CO2 adsorption. This includes conversion of the 
epoxy groups of GMA to various amine groups by treatment with the amine-
containing compounds under controlled conditions of amine concentration (20-100 
vol%), temperature (30-80 °C) and time (7 min- 24 h). After Amination, the same 
Characterization techniques were used to identify their morphological (SEM), 
chemical (FTIR) and thermal (DSC and TGA) properties and evaluate their surface 
area and pore characteristics (BET); 
Finally, CO2 adsorption capacity of the modified nanofibers was evaluated in 
a fixed bed column and the effect of different operating parameters including degree 
of grafting (150-400%), amination agent (EA, DEA or TEA), initial concentration of 
CO2 in the feed gas (5-15%) and temperature (30-50°C) on its adsorption capacity 
was studied. The breakthrough curves were also established for the three types of 
adsorbents. The adsorption and desorption cycles were established. 
1.5 Significance of the Study 
This work provides a new amine-containing polymeric adsorbent for CO2 
capturing having nanofibrous structure for the first time using a unique combination 
of two fascinating methods involving electrospinning and radiation induced graft 
copolymerization. The newly obtained adsorbent is capable of capturing CO2 from 
various environments in a relatively low temperature and pressure. Moreover, it 
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could be recovered very easily and using less energy without any need to complex 
and expensive processes. The adsorbent can be used in capturing CO2 from 
atmosphere and help mitigate greenhouse effect. 
The obtained adsorbent has smaller in fiber diameters and is lighter in weight 
than commercial products. This can be harnessed in the development of smaller 
adsorbent columns with larger surface area and higher operating capacity and 
certainly can lead to an improvement in the economy of the process. This could help 
industries to cut their CO2 emission following stagnant regulation imposed by 
environmental authorities in various countries. Besides, the column filter that can be 
developed based on this adsorbent can be possibly used in improving in-door air 
quality in work places and homes. Such filters can be used in air-condition 
manufacturing and health and medical care industries. 
The electrospinning of s-pp leading to the formation of substrate mats that 
was used for grafting of GMA is rarely reported in literature. Thus, the work reported 
herein is an interesting contribution for electrospinning of thermoplastic polymers 
such as PP. The RSM used for optimization of electrospinning parameters provide a 
statistical tool to design and predict the morphology of the nanofibers.   
This work also provided an opportunity to optimize the parameters of 
radiation induced grafting of GMA onto s-PP to obtain graft copolymer capable of 
hosting various amine groups. This paves the way for introducing other functional 
groups that can further enhance the adsorption capacity of the obtained adsorbents. 
1.6 Contribution 
Contributions of the study are as follows: 
 Optimization of electrospinning of s-PP in near room temperature was 
reported for the first time and a linear model was established for various 
electrospinning parameters. 
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 Radiation induced grafting of GMA on electrospun s-PP nanofibers using 
pre-irradiation technique is reported for the first time and the effect of 
various parameters is studied. 
 Amination of grafted electrospun s-PP nanofibers is studied and the effect 
of various parameters on amination degree is researched. 
 A new nanofibrous solid adsorbent containing various types of amine 
functional group was prepared capable of capturing CO2 in room 
temperature with very high amine efficiency. 
 The application of the adsorbent can be extended to remove various 
species from air using various functional groups during functionalization 
stage. 
1.7 Thesis Outline 
The current thesis is presented in five chapters. Chapter 1 is an introduction 
that covers background of the study and problem statement and describes objectives, 
scope and significance of the study. In chapter 2, a comprehensive literature review 
including CO2 removal techniques and their advantages and limitations, 
electrospinning and its parameters and applications, radiation induced grafting, and 
nanofiber characterization techniques is given. Chapter 3 contains the methodology 
used for fabrication, modification, characterization and testing of nanofibers for CO2 
adsorption. In Chapter 4 the results are presented and discussed with reference to 
previous works, obtained data are analyzed and interpreted. Chapter 5 presents the 
final conclusions and recommendations to improve the work in future studies. 
Finally, the references used in preparing this thesis are listed. 
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foggy, showing that some of the polymer molecules are solidifying in the solution. It 
leads to the formation of some small beads in all electrospun sample. To get better 
results, it is suggested to use a heating system such as infra-red illumination heater or 
syringe jacket heater to hold the temperature of the solution at 60˚C all the time 
during electrospinning. Even though increasing the chamber temperature up to 45˚C, 
as was done in this work, reduced the solidification effect of the s-PP in the solution, 
but it did not stop the process completely. It leads to the formation of some beads, 
decreasing the surface area and affecting final fibers properties. 
The adsorption capacity of the synthesized materials was in the range of low 
to moderate. It was due to the high weight ratio of the carrier non-active polymer (s-
PP) to the total weight of the final adsorbent. Any modification that can reduce this 
ratio and increase the active, amine containing portion of the material could result in 
an improvement in the adsorption capacity and put the material in the group of high 
adsorption capacity adsorbents. One of the recommended approaches is to use 
amination agents having more than one amine group in the molecule. For example, 
using diamines (e.g. ethylenediamine: EDA), triamines (Diethylenetriamine: DETA) 
tetramines (e.g. Triethylenetetramine: TETA) or even pentamines 
(Tetraethylenepentamine: TEPA) [13] could improve the adsorption capacity by 
increasing the ratio of the active part of the adsorbent.  
Another approach for increasing adsorption capacity of the nanofibrous 
adsorbent is incorporation of physical enhancers such as carbon nanotubes, graphene, 
carbon nanoparticles, etc. into the electrospun nanofibers. Incorporation could be 
performed during electrospinning process by blending these carbon-containing 
particles into the electrospinning solution before nanofiber formation. These 
nanomaterials are known to adsorb carbon dioxide molecules through physical 
adsorption and it is expected to increase adsorption capacity of the synthesized 
material by having a synergic effect on the adsorption process by combining 
physisorption with chemisorption.  
Finally, different types of grafting monomers such as vinyl benzyl chloride 
could be used in grafting stage as an alternative for GMA to see the effect of 
including aromatic species in the adsorbent capacity of the final adsorbent. It is 
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expected to see improvement in the adsorption performance of the material through 
incorporation of aromatic rings into its molecular structure. 
 
 REFERENCES 
1. Solomon, S. Climate change 2007-the physical science basis: Working group 
I contribution to the fourth assessment report of the IPCC: Cambridge 
University Press. 2007 
2. Grinsted, A., Moore, J. C. and Jevrejeva, S. Projected Atlantic hurricane 
surge threat from rising temperatures. Proceedings of the National Academy 
of Sciences, 2013. 110(14): 5369-5373. 
3. U.S. climate action report 2014; first biennial report of the United States of 
America, sixth national communication of the United States of America, 
under the United Nations framework convention on climate change. 
Washington, DC: U.S. Department of State. 2014. 
4. Arrhenius, S. XXXI. On the influence of carbonic acid in the air upon the 
temperature of the ground. Philosophical Magazine Series 5, 1896. 41(251): 
237-276. 
5. Le Quéré, C., Andres, R. J., Boden, T., Conway, T., Houghton, R. A., House, 
J. I., Marland, G., Peters, G. P., Van Der Werf, G. R., Ahlström, A., Andrew, 
R. M., Bopp, L., Canadell, J. G., Ciais, P., Doney, S. C., Enright, C., 
Friedlingstein, P., Huntingford, C., Jain, A. K., Jourdain, C., Kato, E., 
Keeling, R. F., Klein Goldewijk, K., Levis, S., Levy, P., Lomas, M., Poulter, 
B., Raupach, M. R., Schwinger, J., Sitch, S., Stocker, B. D., Viovy, N., 
Zaehle, S. and Zeng, N. The global carbon budget 1959–2011. Earth Syst. 
Sci. Data, 2013. 5(1): 165-185. 
6. CO2 emissions from fuel combustion 2015 highlights. Paris, France: 
International Energy Agency. 2015. 
7. Li, W., Choi, S., Drese, J. H., Hornbostel, M., Krishnan, G., Eisenberger, P. 
M. and Jones, C. W. Steam-stripping for regeneration of supported amine-
based CO2 adsorbents. ChemSusChem, 2010. 3(8): 899-903. 
185 
8. Wang, Q., Luo, J., Zhong, Z. and Borgna, A. CO2 capture by solid adsorbents 
and their applications: current status and new trends. Energy & 
Environmental Science, 2011. 4(1): 42-55. 
9. Xu, X., Song, C., Andrésen, J. M., Miller, B. G. and Scaroni, A. W. 
Preparation and characterization of novel CO2 “molecular basket” adsorbents 
based on polymer-modified mesoporous molecular sieve MCM-41. 
Microporous and Mesoporous Materials, 2003. 62(1–2): 29-45. 
10. Xu, X., Song, C., Andresen, J. M., Miller, B. G. and Scaroni, A. W. Novel 
polyethylenimine-modified mesoporous molecular sieve of MCM-41 type as 
high-capacity adsorbent for CO2 capture. Energy & Fuels, 2002. 16(6): 1463-
1469. 
11. Linneen, N. Synthesis and carbon dioxide adsorption properties of amine 
modified particulate silica aerogel sorbents. Ph.D. Arizona State University; 
2014 
12. Wang, Q., Luo, J., Zhong, Z. and Borgna, A. CO2 capture by solid adsorbents 
and their applications: Current status and new trends. Energy and 
Environmental Science, 2011. 4(1): 42-55. 
13. Zhuang, L., Chen, S., Lin, R. and Xu, X. Preparation of a solid amine 
adsorbent based on polypropylene fiber and its performance for CO2 capture. 
Journal of Materials Research, 2013. 28(20): 2881-2889. 
14. Van De Witte, P., Dijkstra, P. J., Van Den Berg, J. W. A. and Feijen, J. Phase 
separation processes in polymer solutions in relation to membrane formation. 
Journal of Membrane Science, 1996. 117(1-2): 1-31. 
15. Chakarvarti, S. K. and Vetter, J. Template synthesis - a membrane based 
technology for generation of nano-/micro materials: A review. Radiation 
Measurements, 1998. 29(2): 149-159. 
16. Jia, B.-B., Wang, J.-N., Wu, J. and Li, C.-J. “Flower-Like” PA6@Mg(OH)2 
electrospun nanofibers with Cr (VI)-removal capacity. Chemical Engineering 
Journal, 2014. 254(0): 98-105. 
17. Rad, L. R., Momeni, A., Ghazani, B. F., Irani, M., Mahmoudi, M. and 
Noghreh, B. Removal of Ni2+ and Cd2+ ions from aqueous solutions using 
electrospun PVA/zeolite nanofibrous adsorbent. Chemical Engineering 
Journal, 2014. 256(0): 119-127. 
186 
18. Sharma, D. K., Li, F. and Wu, Y.-N. Electrospinning of nafion and polyvinyl 
alcohol into nanofiber membranes: A facile approach to fabricate functional 
adsorbent for heavy metals. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 2014. 457(0): 236-243. 
19. Wang, J., Luo, C., Qi, G., Pan, K. and Cao, B. Mechanism study of selective 
heavy metal ion removal with polypyrrole-functionalized polyacrylonitrile 
nanofiber mats. Applied Surface Science, 2014. 316(0): 245-250. 
20. Nasef, M. M. and Hegazy, E. S. A. Preparation and applications of ion 
exchange membranes by radiation-induced graft copolymerization of polar 
monomers onto non-polar films. Progress in Polymer Science, 2004. 29(6): 
499-561. 
21. Aaron, D. and Tsouris, C. Separation of CO2 from Flue Gas: A Review. 
Separation Science and Technology, 2005. 40(1-3): 321-348. 
22. Drage, T. C., Snape, C. E., Stevens, L. A., Wood, J., Wang, J., Cooper, A. I., 
Dawson, R., Guo, X., Satterley, C. and Irons, R. Materials challenges for the 
development of solid sorbents for post-combustion carbon capture. Journal of 
Materials Chemistry, 2012. 22(7): 2815-2823. 
23. Montanari, T. and Busca, G. On the mechanism of adsorption and separation 
of CO2 on LTA zeolites: An IR investigation. Vibrational Spectroscopy, 
2008. 46(1): 45-51. 
24. Choi, S., Drese, J. H. and Jones, C. W. Adsorbent materials for carbon 
dioxide capture from large anthropogenic point sources. ChemSusChem, 
2009. 2(9): 796-854. 
25. Son, W.-J., Choi, J.-S. and Ahn, W.-S. Adsorptive removal of carbon dioxide 
using polyethyleneimine-loaded mesoporous silica materials. Microporous 
and Mesoporous Materials, 2008. 113(1–3): 31-40. 
26. Chen, C., Son, W.-J., You, K.-S., Ahn, J.-W. and Ahn, W.-S. Carbon dioxide 
capture using amine-impregnated HMS having textural mesoporosity. 
Chemical Engineering Journal, 2010. 161(1–2): 46-52. 
27. Heydari-Gorji, A., Belmabkhout, Y. and Sayari, A. Polyethylenimine-
impregnated mesoporous silica: effect of amine loading and surface alkyl 
chains on CO2 adsorption. Langmuir, 2011. 27(20): 12411-12416. 
187 
28. Heydari-Gorji, A. and Sayari, A. CO2 capture on polyethylenimine-
impregnated hydrophobic mesoporous silica: Experimental and kinetic 
modeling. Chemical Engineering Journal, 2011. 173(1): 72-79. 
29. Wang, X., Li, H., Liu, H. and Hou, X. AS-synthesized mesoporous silica 
MSU-1 modified with tetraethylenepentamine for CO2 adsorption. 
Microporous and Mesoporous Materials, 2011. 142(2–3): 564-569. 
30. Meth, S., Goeppert, A., Prakash, G. K. S. and Olah, G. A. Silica nanoparticles 
as supports for regenerable CO2 sorbents. Energy & Fuels, 2012. 26(5): 
3082-3090. 
31. Tanthana, J. and Chuang, S. S. C. In situ infrared study of the role of PEG in 
stabilizing silica-supported amines for CO2 capture. ChemSusChem, 2010. 
3(8): 957-964. 
32. Xue, Q., Wu, D., Zhou, Y. and Zhou, L. Improvement of amine-modification 
with piperazine for the adsorption of CO2. Applied Surface Science, 2012. 
258(8): 3859-3863. 
33. Gray, M. L., Champagne, K. J., Fauth, D., Baltrus, J. P. and Pennline, H. 
Performance of immobilized tertiary amine solid sorbents for the capture of 
carbon dioxide. International Journal of Greenhouse Gas Control, 2008. 
2(1): 3-8. 
34. Sanz, R., Calleja, G., Arencibia, A. and Sanz-Perez, E. S. Development of 
high efficiency adsorbents for CO2 capture based on a double-
functionalization method of grafting and impregnation. Journal of Materials 
Chemistry A, 2013. 1(6): 1956-1962. 
35. Klinthong, W., Chao, K.-J. and Tan, C.-S. CO2 capture by as-synthesized 
amine-functionalized MCM-41 prepared through direct synthesis under basic 
condition. Industrial & Engineering Chemistry Research, 2013. 52(29): 
9834-9842. 
36. Young, P. D. and Notestein, J. M. The role of amine surface density in carbon 
dioxide adsorption on functionalized mixed oxide surfaces. ChemSusChem, 
2011. 4(11): 1671-1678. 
37. Aziz, B., Hedin, N. and Bacsik, Z. Quantification of chemisorption and 
physisorption of carbon dioxide on porous silica modified by propylamines: 
Effect of amine density. Microporous and Mesoporous Materials, 2012. 
159(0): 42-49. 
188 
38. Zheng, F., Tran, D. N., Busche, B. J., Fryxell, G. E., Addleman, R. S., 
Zemanian, T. S. and Aardahl, C. L. Ethylenediamine-modified SBA-15 as 
regenerable CO2 sorbent. Industrial & Engineering Chemistry Research, 
2005. 44(9): 3099-3105. 
39. Liang, Z., Fadhel, B., Schneider, C. J. and Chaffee, A. L. Stepwise growth of 
melamine-based dendrimers into mesopores and their CO2 adsorption 
properties. Microporous and Mesoporous Materials, 2008. 111(1–3): 536-
543. 
40. Hicks, J. C., Drese, J. H., Fauth, D. J., Gray, M. L., Qi, G. and Jones, C. W. 
Designing adsorbents for CO2 capture from flue gas-hyperbranched 
aminosilicas capable of capturing CO2 reversibly. Journal of the American 
Chemical Society, 2008. 130(10): 2902-2903. 
41. Li, P. Y., Zhang, S. J., Chen, S. X., Zhang, Q. K., Pan, J. J. and Ge, B. Q. 
Preparation and adsorption properties of polythylenimine containing fibrous 
adsorbent for carbon dioxide capture. Journal of Applied Polymer Science, 
2008. 108(6): 3851-3858. 
42. Li, P. Y., Ge, B. Q., Zhang, S. J., Chen, S. X., Zhang, Q. K. and Zhao, Y. N. 
CO2 capture by polyethylenimine-modified fibrous adsorbent. Langmuir, 
2008. 24(13): 6567-6574. 
43. Alesi, W. R. and Kitchin, J. R. Evaluation of a primary amine-functionalized 
ion-exchange resin for CO2 capture. Industrial & Engineering Chemistry 
Research, 2012. 51(19): 6907-6915. 
44. Gebald, C., Wurzbacher, J. A., Tingaut, P., Zimmermann, T. and Steinfeld, 
A. Amine-based nanofibrillated cellulose as adsorbent for CO2 capture from 
air. Environmental Science & Technology, 2011. 45(20): 9101-9108. 
45. Li, F. S., Lively, R. P., Lee, J. S. and Koros, W. J. Aminosilane-
functionalized hollow fiber sorbents for post-combustion CO2 capture. 
Industrial & Engineering Chemistry Research, 2013. 52(26): 8928-8935. 
46. Yang, Y., Li, H. C., Chen, S. X., Zhao, Y. N. and Li, Q. H. Preparation and 
characterization of a solid amine adsorbent for capturing CO2 by grafting 
allylamine onto PAN fiber. Langmuir, 2010. 26(17): 13897-13902. 
47. Donaldson, T. L. and Nguyen, Y. N. Carbon dioxide reaction kinetics and 
transport in aqueous amine membranes. Industrial & Engineering Chemistry 
Fundamentals, 1980. 19(3): 260-266. 
189 
48. Stevens, L., Williams, K., Han, W. Y., Drage, T., Snape, C., Wood, J. and 
Wang, J. Preparation and CO2 adsorption of diamine modified 
montmorillonite via exfoliation grafting route. Chemical Engineering 
Journal, 2013. 215–216(0): 699-708. 
49. Wang, J., Huang, L., Yang, R., Zhang, Z., Wu, J., Gao, Y., Wang, Q., O'hare, 
D. and Zhong, Z. Recent advances in solid sorbents for CO2 capture and new 
development trends. Energy & Environmental Science, 2014. 7(11): 3478-
3518. 
50. Lee, D.-H., Choi, W.-J., Moon, S.-J., Ha, S.-H., Kim, I.-G. and Oh, K.-J. 
Characteristics of absorption and regeneration of carbon dioxide in aqueous 
2-amino-2-methyl-1-propanol/ammonia solutions. Korean Journal of 
Chemical Engineering, 2008. 25(2): 279-284. 
51. Versteeg, G. F., Van Dijck, L. a. J. and Van Swaaij, W. P. M. On the kinetics 
between CO2 and alkanolamines both in aqueous and non-aqueous solutions. 
an overview. Chemical Engineering Communications, 1996. 144(1): 113-158. 
52. Bhardwaj, N. and Kundu, S. C. Electrospinning: A fascinating fiber 
fabrication technique. Biotechnology Advances, 2010. 28(3): 325-347. 
53. Yao, L. and Kim, J. The microstructure and mechanical property of meta-
aramid nanofiber web for high temperature filter media. Advanced Materials 
Research, 2011. 175-176: 318-322. 
54. Tian, Y., Wu, M., Liu, R. G., Li, Y. X., Wang, D. Q., Tan, J. J., Wu, R. C. 
and Huang, Y. Electrospun membrane of cellulose acetate for heavy metal 
ion adsorption in water treatment. Carbohydrate Polymers, 2011. 83(2): 743-
748. 
55. Zhang, Q., Welch, J., Park, H., Wu, C. Y., Sigmund, W. and Marijnissen, J. 
C. M. Improvement in nanofiber filtration by multiple thin layers of nanofiber 
mats. Journal of Aerosol Science, 2010. 41(2): 230-236. 
56. Yamashita, Y. Water filtration technology using the high-performance 
nanofiber. Sen-I Gakkaishi, 2010. 66(12): P413-P416. 
57. Wang, Z. G., Wano, Y., Xu, H., Li, G. and Xu, Z. K. Carbon nanotube-filled 
nanofibrous membranes electrospun from poly(acrylonitrile-co-acrylic acid) 
for glucose biosensor. Journal of Physical Chemistry C, 2009. 113(7): 2955-
2960. 
190 
58. Shin, Y. J., Wang, M. and Kameoka, J. Electrospun nanofiber biosensor for 
measuring glucose concentration. Journal of Photopolymer Science and 
Technology, 2009. 22(2): 235-237. 
59. Moreno, I., Romero-Garcia, J., Gonzalez-Gonzalez, V., Ledezma-Perez, A., 
Moggio, I. and Marin, E. A. Electrospun nanofibrous membrane biosensor 
for lactate. 2008 
60. Xie, Z. W. and Buschle-Diller, G. Electrospun poly(D,L-lactide) fibers for 
drug delivery: the influence of cosolvent and the mechanism of drug release. 
Journal of Applied Polymer Science, 2010. 115(1): 1-8. 
61. Ignatious, F., Sun, L. H., Lee, C. P. and Baldoni, J. Electrospun nanofibers in 
oral drug delivery. Pharmaceutical Research, 2010. 27(4): 576-588. 
62. Yoon, H., Park, Y. and Kim, G. Drug delivery system using electrospun 
nanofiber mats. Polymer-Korea, 2009. 33(3): 219-223. 
63. Vargas, E. a. T., Baracho, N. C. D., De Brito, J. and De Queiroz, A. a. A. 
Hyperbranched polyglycerol electrospun nanofibers for wound dressing 
applications. Acta Biomaterialia, 2010. 6(3): 1069-1078. 
64. Kang, Y. O., Yoon, I. S., Lee, S. Y., Kim, D. D., Lee, S. J., Park, W. H. and 
Hudson, S. M. Chitosan-coated poly(vinyl alcohol) nanofibers for wound 
dressings. Journal of Biomedical Materials Research Part B-Applied 
Biomaterials, 2010. 92B(2): 568-576. 
65. Lakshman, L. R., Shalumon, K. T., Nair, S. V. and Jayakumar, R. Preparation 
of silver nanoparticles incorporated electrospun polyurethane nano-fibrous 
mat for wound dressing. Journal of Macromolecular Science Part a-Pure and 
Applied Chemistry, 2010. 47(10): 1012-1018. 
66. Dai, Y. R., Niu, J. F., Yin, L. F., Liu, J. and Jiang, G. X. Electrospun 
nanofiber membranes as supports for enzyme immobilization and its 
application. Progress in Chemistry, 2010. 22(9): 1808-1818. 
67. Chen, J. P., Ho, K. H., Chiang, Y. P. and Wu, K. W. Fabrication of 
electrospun poly(methyl methacrylate) nanofibrous membranes by statistical 
approach for application in enzyme immobilization. Journal of Membrane 
Science, 2009. 340(1-2): 9-15. 
68. Wan, L. S., Ke, B. B. and Xu, Z. K. Electrospun nanofibrous membranes 
filled with carbon nanotubes for redox enzyme immobilization. Enzyme and 
Microbial Technology, 2008. 42(4): 332-339. 
191 
69. Zhou, F. L., Gong, R. H. and Porat, I. Three-jet electrospinning using a flat 
spinneret. Journal of Materials Science, 2009. 44(20): 5501-5508. 
70. Liu, Y. and He, J. H. Bubble electrospinning for mass production of 
nanofibers. International Journal of Nonlinear Sciences and Numerical 
Simulation, 2007. 8(3): 393-396. 
71. Wu, D. Z., Huang, X. P., Lai, X. T., Sun, D. H. and Lin, L. W. High 
throughput tip-Less electrospinning via a circular cylindrical electrode. 
Journal of Nanoscience and Nanotechnology, 2010. 10(7): 4221-4226. 
72. Jirsak, O., Sysel, P., Sanetrnik, F., Hruza, J. and Chaloupek, J. Polyamic acid 
nanofibers produced by needleless electrospinning. Journal of 
Nanomaterials, 2010. 
73. Doshi, J. and Reneker, D. H. Electrospinning process and applications of 
electrospun fibers. Journal of Electrostatics, 1995. 35(2-3): 151-160. 
74. Shin, C., Chase, G. G. and Reneker, D. H. Recycled expanded polystyrene 
nanofibers applied in filter media. Colloids and Surfaces a-Physicochemical 
and Engineering Aspects, 2005. 262(1-3): 211-215. 
75. Murugan, R. and Ramakrishna, S. Design strategies of tissue engineering 
scaffolds with controlled fiber orientation. Tissue Engineering, 2007. 13(8): 
1845-1866. 
76. Islam, M. S. and Karim, M. R. Fabrication and characterization of poly(vinyl 
alcohol)/alginate blend nanofibers by electrospinning method. Colloids and 
Surfaces a-Physicochemical and Engineering Aspects, 2010. 366(1-3): 135-
140. 
77. Li, D. and Xia, Y. N. Electrospinning of nanofibers: Reinventing the wheel? 
Advanced Materials, 2004. 16(14): 1151-1170. 
78. Li, M. Y., Mondrinos, M. J., Chen, X. S., Lelkes, P. I. and Ieee. Electrospun 
blends of natural and synthetic polymers as scaffolds for tissue engineering. 
In: 2005 27th Annual International Conference of the IEEE Engineering in 
Medicine and Biology Society, Vols 1-7. 5858-5861; 2005 
79. Stankus, J. J., Freytes, D. O., Badylak, S. F. and Wagner, W. R. Hybrid 
nanofibrous scaffolds from electrospinning of a synthetic biodegradable 
elastomer and urinary bladder matrix. Journal of Biomaterials Science-
Polymer Edition, 2008. 19(5): 635-652. 
192 
80. Toyokawa, N., Fujioka, H., Kokubu, T., Nagura, I., Inui, A., Sakata, R., 
Satake, M., Kaneko, H. and Kurosaka, M. Electrospun synthetic polymer 
scaffold for cartilage repair without cultured cells in an animal model. 
Arthroscopy-the Journal of Arthroscopic and Related Surgery, 2010. 26(3): 
375-383. 
81. Xie, J. B. and Hsieh, Y. L. Ultra-high surface fibrous membranes from 
electrospinning of natural proteins: casein and lipase enzyme. Journal of 
Materials Science, 2003. 38(10): 2125-2133. 
82. Haghi, A. K. and Akbari, M. Trends in electrospinning of natural nanofibers. 
Physica Status Solidi a-Applications and Materials Science, 2007. 204(6): 
1830-1834. 
83. Ohkawa, K. Electirospinning of natural and bio-related polymeric materials. 
Sen-I Gakkaishi, 2008. 64(1): 36-44. 
84. Bognitzki, M., Frese, T., Steinhart, M., Greiner, A., Wendorff, J. H., Schaper, 
A. and Hellwig, M. Preparation of fibers with nanoscaled morphologies: 
Electrospinning of polymer blends. Polymer Engineering and Science, 2001. 
41(6): 982-989. 
85. Wang, Y. H. and Hsieh, Y. L. Enzyme immobilization via electrospinning of 
polymer/enzyme blends. Abstracts of Papers of the American Chemical 
Society, 2003. 225: 163-POLY. 
86. Matthews, J. A., Wnek, G. E., Simpson, D. G. and Bowlin, G. L. 
Electrospinning of collagen nanofibers. Biomacromolecules, 2002. 3(2): 232-
238. 
87. Boland, E. D., Matthews, J. A., Pawlowski, K. J., Simpson, D. G., Wnek, G. 
E. and Bowlin, G. L. Electrospinning collagen and elastin: Preliminary 
vascular tissue engineering. Frontiers in Bioscience, 2004. 9: 1422-1432. 
88. Duan, B., Dong, C. H., Yuan, X. Y. and Yao, K. D. Electrospinning of 
chitosan solutions in acetic acid with poly(ethylene oxide). Journal of 
Biomaterials Science-Polymer Edition, 2004. 15(6): 797-811. 
89. Ohkawa, K., Cha, D. I., Kim, H., Nishida, A. and Yamamoto, H. 
Electrospinning of chitosan. Macromolecular Rapid Communications, 2004. 
25(18): 1600-1605. 
193 
90. Huang, Z. M., Zhang, Y. Z., Ramakrishna, S. and Lim, C. T. Electrospinning 
and mechanical characterization of gelatin nanofibers. Polymer, 2004. 45(15): 
5361-5368. 
91. Zhuang, X. P., Cheng, B. W., Kang, W. M. and Xu, X. L. Electrospun 
chitosan/gelatin nanofibers containing silver nanoparticles. Carbohydrate 
Polymers, 2010. 82(2): 524-527. 
92. Wu, X. M., Branford-White, C. J., Zhu, L. M., Chatterton, N. P. and Yu, D. 
G. Ester prodrug-loaded electrospun cellulose acetate fiber mats as 
transdermal drug delivery systems. Journal of Materials Science-Materials in 
Medicine, 2010. 21(8): 2403-2411. 
93. Haas, D., Heinrich, S. and Greil, P. Solvent control of cellulose acetate 
nanofibre felt structure produced by electrospinning. Journal of Materials 
Science, 2010. 45(5): 1299-1306. 
94. Wharram, S. E., Zhang, X. H., Kaplan, D. L. and Mccarthy, S. P. Electrospun 
silk material systems for wound healing. Macromolecular Bioscience, 2010. 
10(3): 246-257. 
95. Park, S. Y., Ki, C. S., Park, Y. H., Jung, H. M., Woo, K. M. and Kim, H. J. 
Electrospun silk fibroin scaffolds with macropores for bone regeneration: an 
In vitro and in vivo study. Tissue Engineering Part A, 2010. 16(4): 1271-
1279. 
96. Noh, H. K., Lee, S. W., Kim, J. M., Oh, J. E., Kim, K. H., Chung, C. P., Choi, 
S. C., Park, W. H. and Min, B. M. Electrospinning of chitin nanofibers: 
Degradation behavior and cellular response to normal human keratinocytes 
and fibroblasts. Biomaterials, 2006. 27(21): 3934-3944. 
97. Schiffman, J. D., Stulga, L. A. and Schauer, C. L. Chitin and chitosan: 
transformations due to the electrospinning process. Polymer Engineering and 
Science, 2009. 49(10): 1918-1928. 
98. Mcmanus, M. C., Boland, E. D., Koo, H. P., Barnes, C. P., Pawlowski, K. J., 
Wnek, G. E., Simpson, D. G. and Bowlin, G. L. Mechanical properties of 
electrospun fibrinogen structures. Acta Biomaterialia, 2006. 2(1): 19-28. 
99. Mcmanus, M. C., Boland, E. D., Simpson, D. G., Barnes, C. P. and Bowlin, 
G. L. Electrospun fibrinogen: feasibility as a tissue engineering scaffold in a 
rat cell culture model. Journal of Biomedical Materials Research Part A, 
2007. 81A(2): 299-309. 
194 
100. Pedicini, A. and Farris, R. J. Mechanical behavior of electrospun 
polyurethane. Polymer, 2003. 44(22): 6857-6862. 
101. Kim, C. K., Kim, H. Y., Lee, K. H., Kim, K. W., Lee, B. M. and College Of, 
T. Preparation of electrospun PVC/PU nonwovens reinforced with PEO and 
their mechanical properties. 2004 
102. Clarke, D., Puppi, D., Detta, N., Ferrer, M. C. C., Crawford, A., Reilly, G. 
and Chiellini, F. Electrospun polyurethane scaffolds for mechanical 
stimulation of cells in bone tissue engineering. Tissue Engineering Part A, 
2008. 14(5): P150. 
103. Corradini, P. The discovery of isotactic polypropylene and its impact on pure 
and applied science. Journal of Polymer Science Part A: Polymer Chemistry, 
2004. 42(3): 391-395. 
104. Lee, K. H., Ohsawa, O., Watanabe, K., Kim, I. S., Givens, S. R., Chase, B. 
and Rabolt, J. F. Electrospinning of syndiotactic polypropylene from a 
polymer solution at ambient temperatures. Macromolecules, 2009. 42(14): 
5215-5218. 
105. Watanabe, K., Nakamura, T., Kim, B. S. and Kim, I. S. Preparation and 
characteristics of electrospun polypropylene fibers: effect of organic solvents. 
In: L. Bai and G. Q. Chen. Silk: Inheritance and Innovation - Modern Silk 
Road. Stafa-Zurich: Trans Tech Publications Ltd. 337-340; 2011 
106. Maeda, T., Takaesu, K. and Hotta, A. Syndiotactic polypropylene nanofibers 
fabricated by a solution electrospinning method with single solvent at 
ambient temperature. 245th ACS National Meeting and Exposition. April 7-
11, 2013. ACS. 2013.  
107. Liu, S., Liang, Y., Quan, Y., Dai, K., Zheng, G., Liu, C., Chen, J. and Shen, 
C. Electrospun isotactic polypropylene fibers: Self-similar morphology and 
microstructure. Polymer, 2013. 54(12): 3117-3123. 
108. Kenawy, E. R., Bowlin, G. L., Mansfield, K., Layman, J., Simpson, D. G., 
Sanders, E. H. and Wnek, G. E. Release of tetracycline hydrochloride from 
electrospun poly(ethylene-co-vinylacetate), poly(lactic acid), and a blend. 
Journal of Controlled Release, 2002. 81(1-2): 57-64. 
109. Liao, H. H., Qi, R. L., Xiao, S. L., Fang, X., Chen, J. J., Shen, M. W., Cao, X. 
Y. and Shi, X. Y. Improved cellular response on the multiwalled carbon 
nanotube-incorporated electrospun chitosan/poly (vinyl alcohol) nanofibers. 
195 
2010 International Forum on Biomedical Textile Materials, Proceedings, 
2010: 403-406. 
110. Xiao, S., Shen, M., Guo, R., Huang, Q., Wang, S. and Shi, X. Fabrication of 
multiwalled carbon nanotube-reinforced electrospun polymer nanofibers 
containing zero-valent iron nanoparticles for environmental applications. 
Journal of Materials Chemistry, 2010. 20(27): 5700-5708. 
111. Sundaray, B., Choi, A. and Park, Y. W. Highly conducting electrospun 
polyaniline-polyethylene oxide nanofibrous membranes filled with single-
walled carbon nanotubes. Synthetic Metals, 2010. 160(9-10): 984-988. 
112. Drew, C., Wang, X. Y., Samuelson, L. A. and Kumar, J. The effect of 
viscosity and filler on electrospun fiber morphology. Journal of 
Macromolecular Science-Pure and Applied Chemistry, 2003. A40(12): 1415-
1422. 
113. Deitzel, J. M., Kleinmeyer, J., Harris, D. and Tan, N. C. B. The effect of 
processing variables on the morphology of electrospun nanofibers and 
textiles. Polymer, 2001. 42(1): 261-272. 
114. Sukigara, S., Gandhi, M., Ayutsede, J., Micklus, M. and Ko, F. Regeneration 
of Bombyx mori silk by electrospinning - part 1: processing parameters and 
geometric properties. Polymer, 2003. 44(19): 5721-5727. 
115. Koski, A., Yim, K. and Shivkumar, S. Effect of molecular weight on fibrous 
PVA produced by electrospinning. Materials Letters, 2004. 58(3-4): 493-497. 
116. Tan, S. H., Inai, R., Kotaki, M. and Ramakrishna, S. Systematic parameter 
study for ultra-fine fiber fabrication via electrospinning process. Polymer, 
2005. 46(16): 6128-6134. 
117. Gupta, P., Elkins, C., Long, T. E. and Wilkes, G. L. Electrospinning of linear 
homopolymers of poly(methyl methacrylate): exploring relationships 
between fiber formation, viscosity, molecular weight and concentration in a 
good solvent. Polymer, 2005. 46(13): 4799-4810. 
118. Kim, K. W., Lee, K. H., Khil, M. S., Ho, Y. S. and Kim, H. Y. The effect of 
molecular weight and the linear velocity of drum surface on the properties of 
electrospun poly(ethylene terephthalate) nonwovens. Fibers and Polymers, 
2004. 5(2): 122-127. 
119. Fong, H., Chun, I. and Reneker, D. H. Beaded nanofibers formed during 
electrospinning. Polymer, 1999. 40(16): 4585-4592. 
196 
120. Zuo, W. W., Zhu, M. F., Yang, W., Yu, H., Chen, Y. M. and Zhang, Y. 
Experimental study on relationship between jet instability and formation of 
beaded fibers during electrospinning. Polymer Engineering and Science, 
2005. 45(5): 704-709. 
121. Qin, X. H., Wang, S. Y., Donghua Univ, S. K. L. M. C. F. and Polymer, M. 
Effect of solution conductivity on electrospinning jet. 2005 
122. Jun, Z., Hou, H. Q., Schaper, A., Wendorff, J. H. and Greiner, A. Poly-L-
lactide nanofibers by electrospinning - Influence of solution viscosity and 
electrical conductivity on fiber diameter and fiber morphology. E-Polymers, 
2003. 
123. Uyar, T. and Besenbacher, F. Electrospinning of uniform polystyrene fibers: 
The effect of solvent conductivity. Polymer, 2008. 49(24): 5336-5343. 
124. Hohman, M. M., Shin, M., Rutledge, G. and Brenner, M. P. Electrospinning 
and electrically forced jets. II. Applications. Physics of Fluids, 2001. 13(8): 
2221-2236. 
125. Gomes, D. S., Da Silva, A. N. R., Morimoto, N. I., Mendes, L. T. F., Furlan, 
R. and Ramos, I. Characterization of an electrospinning process using 
different PAN/DMF concentrations. Polimeros-Ciencia E Tecnologia, 2007. 
17(3): 206-211. 
126. Zhang, C. X., Yuan, X. Y., Wu, L. L., Han, Y. and Sheng, J. Study on 
morphology of electrospun poly(vinyl alcohol) mats. European Polymer 
Journal, 2005. 41(3): 423-432. 
127. Reneker, D. H. and Chun, I. Nanometre diameter fibres of polymer, produced 
by electrospinning. Nanotechnology, 1996. 7(3): 216-223. 
128. Lee, J. S., Choi, K. H., Do Ghim, H., Kim, S. S., Chun, D. H., Kim, H. Y. and 
Lyoo, W. S. Role of molecular weight of atactic poly(vinyl alcohol) (PVA) in 
the structure and properties of PVA nanofabric prepared by electrospinning. 
Journal of Applied Polymer Science, 2004. 93(4): 1638-1646. 
129. Yang, Y., Jia, Z. D., Liu, J. A., Li, Q., Hou, L., Wang, L. M. and Guan, Z. C. 
Effect of electric field distribution uniformity on electrospinning. Journal of 
Applied Physics, 2008. 103(10). 
130. Megelski, S., Stephens, J. S., Chase, D. B. and Rabolt, J. F. Micro- and 
nanostructured surface morphology on electrospun polymer fibers. 
Macromolecules, 2002. 35(22): 8456-8466. 
197 
131. Yuan, X. Y., Zhang, Y. Y., Dong, C. H. and Sheng, J. Morphology of 
ultrafine polysulfone fibers prepared by electrospinning. Polymer 
International, 2004. 53(11): 1704-1710. 
132. Fong, H., Liu, W. D., Wang, C. S. and Vaia, R. A. Generation of electrospun 
fibers of nylon 6 and nylon 6-montmorillonite nanocomposite. Polymer, 
2002. 43(3): 775-780. 
133. Park, H. S. and Park, Y. O. Filtration properties of electrospun utrafine fiber 
webs. Korean Journal of Chemical Engineering, 2005. 22(1): 165-172. 
134. Geng, X. Y., Kwon, O. H. and Jang, J. H. Electrospinning of chitosan 
dissolved in concentrated acetic acid solution. Biomaterials, 2005. 26(27): 
5427-5432. 
135. Mit-Uppatham, C., Nithitanakul, M. and Supaphol, P. Ultratine electrospun 
polyamide-6 fibers: Effect of solution conditions on morphology and average 
fiber diameter. Macromolecular Chemistry and Physics, 2004. 205(17): 
2327-2338. 
136. Casper, C. L., Stephens, J. S., Tassi, N. G., Chase, D. B. and Rabolt, J. F. 
Controlling surface morphology of electrospun polystyrene fibers: Effect of 
humidity and molecular weight in the electrospinning process. 
Macromolecules, 2004. 37(2): 573-578. 
137. Yoon, K., Hsiao, B. S. and Chu, B. Functional nanofibers for environmental 
applications. Journal of Materials Chemistry, 2008. 18(44): 5326-5334. 
138. Grafe, T., Gogins, M., Barris, M., Schaefer, J., Canepa, R. Nanofibers in 
filtration applications in transportation. Filtration 2001 International 
Conference and Exposition of the INDA. 3-5 december. 2001.  
139. K. Graham, M. O., T. Raether, T. Grafe, B. Mcdonald, P. Knauf. Polymeric 
nanofibers in air filtration applications. Fifteenth Annual Technical 
Conference & Expo of the American Filtration & Separations Society. April 
9–12. 2002.  
140. Balgis, R., Kartikowati, C. W., Ogi, T., Gradon, L., Bao, L., Seki, K. and 
Okuyama, K. Synthesis and evaluation of straight and bead-free nanofibers 
for improved aerosol filtration. Chemical Engineering Science, 2015. 137: 
947-954. 
198 
141. Ahn, Y. C., Park, S. K., Kim, G. T., Hwang, Y. J., Lee, C. G., Shin, H. S. and 
Lee, J. K. Development of high efficiency nanofilters made of nanofibers. 
Current Applied Physics, 2006. 6(6): 1030-1035. 
142. Qin, X. H. and Wang, S. Y. Filtration properties of electrospinning 
nanofibers. Journal of Applied Polymer Science, 2006. 102(2): 1285-1290. 
143. Nakata, K., Kim, S. H., Ohkoshi, Y., Gotoh, Y. and Nagura, M. 
Electrospinning of poly (ether sulfone) and evaluation of the filtration 
efficiency. Sen-I Gakkaishi, 2007. 63(12): 307-312. 
144. Myoung Yun, K., Hogan, C. J., Mastubayashi, Y., Kawabe, M., Iskandar, F. 
and Okuyama, K. Nanoparticle filtration by electrospun polymer fibers. 
Chemical Engineering Science, 2007. 62(17): 4751-4759. 
145. Tovmash, A. V., Polevov, V. N., Mamagulashvili, V. G., Chernyaeva, G. A. 
and Shepelev, A. D. Fabrication of sorption-filtering nonwoven material from 
ultrafine polyvinyl alcohol carbonized fibres by electrospinning. Fibre 
Chemistry, 2005. 37(3): 187-191. 
146. Shin, C. and Chase, G. G. Separation of liquid drops from air by glass fiber 
filters augmented with polystyrene nanofibers. Journal of Dispersion Science 
and Technology, 2006. 27(1): 5-9. 
147. Gopal, R., Zuwei, M., Kaur, S. and Ramakrishna, S. Surface modification and 
application of functionalized polymer nanofibers. In: G. Ali Mansoori, et al. 
Molecular Building Blocks for Nanotechnology: From Diamondoids to 
Nanoscale Materials and Applications. New York, NY: Springer New York. 
72-91; 2007 
148. Betz, N., Begue, J., Goncalves, M., Gionnet, K., Deleris, G. and Le Moel, A. 
Functionalisation of PAA radiation grafted PVDF. Nuclear Instruments & 
Methods in Physics Research Section B-Beam Interactions with Materials 
and Atoms, 2003. 208: 434-441. 
149. Xu, Z., Wang, J., Shen, L., Men, D. and Xu, Y. Microporous polypropylene 
hollow fiber membrane. Part I. Surface modification by the graft 
polymerization of acrylic acid. Journal of Membrane Science, 2002. 
196(Compendex): 221-229. 
150. Choi, Y. J., Kang, M. S., Kim, S. H., Cho, J. and Moon, S. H. 
Characterization of LDPE/polystyrene cation exchange membranes prepared 
199 
by monomer sorption and UV radiation polymerization. Journal of 
Membrane Science, 2003. 223(1-2): 201-215. 
151. Wavhal, D. S. and Fisher, E. R. Hydrophilic modification of polyethersulfone 
membranes by low temperature plasma-induced graft polymerization. 
Journal of Membrane Science, 2002. 209(1): 255-269. 
152. Guilmeau, I., Esnouf, S., Betz, N. and Le Moël, A. Kinetics and 
characterization of radiation-induced grafting of styrene on fluoropolymers. 
Nuclear Instruments and Methods in Physics Research, Section B: Beam 
Interactions with Materials and Atoms, 1997. 131(1-4): 270-275. 
153. Kato, K., Uchida, E., Kang, E. T., Uyama, Y. and Ikada, Y. Polymer surface 
with graft chains. Progress in Polymer Science, 2003. 28(2): 209-259. 
154. Hegazy, E. S. A., Kamal, H., Maziad, N. and Dessouki, A. M. Membranes 
prepared by radiation grafting of binary monomers for adsorption of heavy 
metals from industrial wastes, Elsevier Inst. fur Oberflaechenmodifizierung 
e.V Inst. fur Oberflaechenmodifizierung e.V: Place of Publication: Dresden, 
Germany. Country of Publication: Netherlands. p. 386-392. 
155. Gupta, B. and Scherer, G. G. PROTON-EXCHANGE MEMBRANES BY 
RADIATION-INDUCED GRAFT-COPOLYMERIZATION OF 
MONOMERS INTO TEFLON-FEP FILMS. Chimia, 1994. 48(5): 127-137. 
156. Reichmanis, E., Frank, C. W., Odonnell, J. H. and Hill, D. J. T. Radiation 
effects on polymeric materials. Irradiation of Polymeric Materials, 1993. 
527: 1-8. 
157. Aydinli, B. and Tincer, T. Radiation grafting of various water-soluble 
monomers on ultra-high molecular weight polyethylene powder: Part I. 
Grafting conditions and grafting yield. Radiation Physics and Chemistry, 
2001. 60(3): 237-243. 
158. El-Assy, N. B. Effect of mineral and organic acids on radiation grafting of 
styrene onto polyethylene. Journal of Applied Polymer Science, 1991. 42(4): 
885-889. 
159. Gupta, B., Buchi, F. N. and Scherer, G. G. Cation exchange membranes by 
pre-irradiation grafting of styrene into FEP films. I. Influence of synthesis 
conditions. Journal of Polymer Science, Part A: Polymer Chemistry, 1994. 
32(10): 1931-1938. 
200 
160. Dole, M. Advances in applied radiation chemistry in Radiation Processing, 
Transactions of the 4th International Meeting. Volume 2: Contributed 
Papers.1983: Dubrovnik, Yugosl. p. 11-19. 
161. Hegazy, E. S. A., Ishigaki, I., Dessouki, A. M., Rabie, A. and Okamoto, J. 
The study on radiation grafting of acrylic acid onto fluorine-containing 
polymers. III. Kinetic study of preirradiation grafting onto 
poly(tetrafluoroethylene–hexafluoropropylene). Journal of Applied Polymer 
Science, 1982. 27(2): 535-543. 
162. Sun, Y. J., Hu, G. H. and Lambla, M. Melt free-radical grafting of glycidyl 
methacrylate onto polypropylene Angewandte Makromolekulare Chemie, 
1995. 229: 1-13. 
163. Sun, Y. J., Hu, G. H. and Lambla, M. Free radical grafting of glycidyl 
methacrylate onto polypropylene in a co-rotating twin screw extruder. 
Journal of Applied Polymer Science, 1995. 57(9): 1043-1054. 
164. Cartier, H. and Hu, G. H. Styrene-assisted melt free radical grafting of 
glycidyl methacrylate onto polypropylene. Journal of Polymer Science Part 
a-Polymer Chemistry, 1998. 36(7): 1053-1063. 
165. Pan, Y. K., Ruan, J. M. and Zhou, D. F. Solid-phase grafting of glycidyl 
methacrylate onto polypropylene. Journal of Applied Polymer Science, 1997. 
65(10): 1905-1912. 
166. Choi, S.-H. and Nho, Y. Adsorption of Pb2+, Cu2+ and Co2+ by 
polypropylene fabric and polyethylene hollow fiber modified by radiation-
induced graft copolymerization. Korean Journal of Chemical Engineering, 
1999. 16(2): 241-247. 
167. Lee, K.-P., Kang, H.-J., Joo, D.-L. and Choi, S.-H. Adsorption behavior of 
Urokinase by the polypropylene film with amine, hydroxylamine and polyol 
groups. Radiation Physics and Chemistry, 2001. 60(4-5): 473-482. 
168. Choi, S. H., Lee, K. P. and Nho, Y. C. Adsorption of urokinase by 
polypropylene films with various amine groups. Journal of Applied Polymer 
Science, 2001. 80(14): 2851-2858. 
169. Kim, M. and Saito, K. Preparation of silver-ion-loaded nonwoven fabric by 
radiation-induced graft polymerization. Reactive and Functional Polymers, 
1999. 40(3): 275-279. 
201 
170. Miyazaki, K., Hisada, K. and Hori, T. Electron beam graft-polymerization on 
inert polymer membranes and introduction of thiol group on the grafted side 
chains. Sen-I Gakkaishi, 2000. 56(5): 227-233. 
171. Bondar, Y., Kim, H. J., Yoon, S. H. and Lim, Y. J. Synthesis of cation-
exchange adsorbent for anchoring metal ions by modification of 
poly(glycidyl methacrylate) chains grafted onto polypropylene fabric. 
Reactive and Functional Polymers, 2004. 58(1): 43-51. 
172. Hwang, T. S., Park, J. W., Rhee, Y. W., Kim, S. M., Nho, Y. C. and Woo, H. 
G. Synthesis of ion exchange membranes by E-beam radiation-induced graft 
polymerization and their adsorption of v-globulins. Journal of Industrial and 
Engineering Chemistry, 2004. 10(5): 782-787. 
173. Chua, K.-N., Lim, W.-S., Zhang, P., Lu, H., Wen, J., Ramakrishna, S., Leong, 
K. W. and Mao, H.-Q. Stable immobilization of rat hepatocyte spheroids on 
galactosylated nanofiber scaffold. Biomaterials, 2005. 26(15): 2537-2547. 
174. Robinette, E. J. and Palmese, G. R. Synthesis of polymer–polymer 
nanocomposites using radiation grafting techniques. Nuclear Instruments and 
Methods in Physics Research Section B: Beam Interactions with Materials 
and Atoms, 2005. 236(1–4): 216-222. 
175. Ma, Z. and Ramakrishna, S. Ce(IV)-induced graft copolymerization of 
methacrylic acid on electrospun polysulphone nonwoven fiber membrane. 
Journal of Applied Polymer Science, 2006. 101(6): 3835-3841. 
176. Kim, S. K., Ryu, J. H., Kwen, H. D., Chang, C. H. and Cho, S. H. Convenient 
preparation of ion-exchange PVdF membranes by a radiation-induced graft 
polymerization for a battery separator. Polymer(Korea), 2010. 34(2): 126-
132. 
177. Sun, F. Q., Li, X. S., Xu, J. K. and Cao, P. T. Improving hydrophilicity and 
protein antifouling of electrospun poly(vinylidenefluoride-
hexafluoropropylene) nanofiber membranes. Chinese Journal of Polymer 
Science, 2010. 28(5): 705-713. 
178. Almasian, A., Chizari Fard, G., Parvinzadeh Gashti, M., Mirjalili, M. and 
Mokhtari Shourijeh, Z. Surface modification of electrospun PAN nanofibers 
by amine compounds for adsorption of anionic dyes. Desalination and Water 
Treatment, 2016. 57(22): 10333-10348. 
202 
179. Choi, S.-H., Nho, Y. C. and Kim, G.-T. Adsorption of Pb2+ and Pd2+ on 
polyethylene membrane with amino group modified by radiation-induced 
graft copolymerization. Journal of Applied Polymer Science, 1999. 71(4): 
643-650. 
180. Box, G. E. P. and Behnken, D. W. Some new three level designs for the study 
of quantitative variables. Technometrics, 1960. 2(4): 455-475. 
181. Haftka, S. and Könnecke, K. Physical properties of syndiotactic 
polypropylene. Journal of Macromolecular Science, Part B, 1991. 30(4): 
319-334. 
182. Serna-Guerrero, R. and Sayari, A. Modeling adsorption of CO2 on amine-
functionalized mesoporous silica. 2: Kinetics and breakthrough curves. 
Chemical Engineering Journal, 2010. 161(1–2): 182-190. 
183. Drese, J. H. The design, synthesis, and characterization of aminosilica 
adsorbents for CO2 capture from dilute sources. Georgia Institute of 
Technology; 2010 
184. Nasouri, K., Shoushtari, A. and Mojtahedi, M. Evaluation of effective 
electrospinning parameters controlling polyvinylpyrrolidone nanofibers 
surface morphology via response surface methodology. Fibers and Polymers, 
2015. 16(9): 1941-1954. 
185. Kavaklı, P. A., Seko, N., Tamada, M. and Güven, O. Radiation-induced graft 
polymerization of glycidyl methacrylate onto PE/PP nonwoven fabric and its 
modification toward enhanced amidoximation. Journal of Applied Polymer 
Science, 2007. 105(3): 1551-1558. 
186. He, P., Xiao, Y., Zhang, P., Xing, C., Zhu, N., Zhu, X. and Yan, D. Thermal 
degradation of syndiotactic polypropylene and the influence of 
stereoregularity on the thermal degradation behaviour by in situ FTIR 
spectroscopy. Polymer Degradation and Stability, 2005. 88(3): 473-479. 
187. Ero-Phillips, O., Jenkins, M. and Stamboulis, A. Tailoring crystallinity of 
electrospun PLLA fibres by control of electrospinning parameters. Polymers, 
2012. 4(3): 1331-1348. 
188. Schreuder-Gibson, H., Gibson, P., Senecal, K., Sennett, M., Walker, J., 
Yeomans, W., Ziegler, D. and Tsai, P. P. Protective textile materials based on 
electrospun nanofibers. Journal of Advanced Materials, 2002. 34(3): 44-55. 
203 
189. Zhang, Y. Z., Feng, Y., Huang, Z. M., Ramakrishna, S. and Lim, C. T. 
Fabrication of porous electrospun nanofibres. Nanotechnology, 2006. 17(3): 
901. 
190. Nho, Y. C., Chen, J. and Jin, J. H. Grafting polymerization of styrene onto 
preirradiated polypropylene fabric. Radiation Physics and Chemistry, 1999. 
54(3): 317-322. 
191. Mahmoud Nasef, M., Abbasi, A. and Ting, T. M. New CO2 adsorbent 
containing aminated poly(glycidyl methacrylate) grafted onto irradiated PE-
PP nonwoven sheet. Radiation Physics and Chemistry, 2014. 103(0): 72-74. 
192. Choi, S.-H., Han Jeong, Y., Jeong Ryoo, J. and Lee, K.-P. Desalination by 
electrodialysis with the ion-exchange membrane prepared by radiation-
induced graft polymerization. Radiation Physics and Chemistry, 2001. 60(4–
5): 503-511. 
193. Ko, Y. G., Shin, S. S. and Choi, U. S. Primary, secondary, and tertiary amines 
for CO2 capture: Designing for mesoporous CO2 adsorbents. Journal of 
Colloid and Interface Science, 2011. 361(2): 594-602. 
194. Gray, M. L., Hoffman, J. S., Hreha, D. C., Fauth, D. J., Hedges, S. W., 
Champagne, K. J. and Pennline, H. W. Parametric study of solid amine 
sorbents for the capture of carbon dioxide. Energy & Fuels, 2009. 23(10): 
4840-4844. 
 
